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ABSTRACT

C.-H. LIAO AND W.F. FETT. 2005.

Aims: To investigate the resuscitation of acid-injured Salmonella enterica in selected enrichment broths, in apple
juice and on cut surfaces of apple and cucumber slices.

Methods and Results: Following exposure to 2:4% acetic acid for 7 min, S. enterica (serovars Mbandaka, Chester
and Newport) cells were used to inoculate enrichment broths, phosphate-buffered saline (PBS), apple juice and fruit
slices. Injured Salmonella cells resuscitated and regained the ability to form colonies on selective agar (Xylose-
Lysine-Tergitol® 4) if they were incubated in lactose broth (LB), universal pre-enrichment broth (UPB) or buffered
peptone water (BPW), but not in tetrathionate broth, PBS or apple juice. The resuscitation occurred at a
significantly (P > (-05) faster rate in UPB than in LB or BPW. The resuscitation also occurred on the surfaces of
fresh-cut cucumber at 20°C, but not at 4°C.

Conclusions: Acid-injured Salmonella cells resuscitated in nonselective enrichment broths at different rates, but
not in selective enrichment broth, apple juice, PBS or on fresh-cut apple.

Significance and Impact of the Study: Pre-enrichment of food samples in UPB prior to selective enrichment is
recommended. Injured Salmonella cells have the ability to resuscitate on fresh-cut surfaces of cucumber when stored

at abusive temperatures.

Keywords: acid injury, apple, cucumber, enrichment broth, fresh cut, juice, resuscitation, Salmonella.

INTRODUCTION

Use of organic acids such as acetic acid (AA) for
decontamination of beef carcasses (Anderson et a/ 1988)
and fresh produce (Beuchat 1998) has been previously
reported or suggested. The efficacy of AA as a disinfectant is
primarily due to its bactericidal and injuring activities. Upon
exposure to 2:0% AA for 5 min, over 65% of Salmonella
enterica serovar Typhimurium remaining on beef carcasses
were injured as indicated by their inability to form colonies
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tural Research Service, US Department of Agriculture, 600 E. Mermaid Lane,
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on selective agar media such as Bismuth Sulfite Agar
(Dickson 1992). Similarly, more than 30% of S. enterica
serovar Mbandaka remaining on apple slices after treatment
with 2'4% AA for 5 min were injured (Liao et a/. 2003).
The natural occurrence of injured or stressed S. enzerica on
contaminated foods is well recognized (Busta 1976). To
improve the detection of S. enterica in foods, it has been
recommended that samples be incubated in pre-enrichment
broth before selective enrichment to allow those injured
bacteria present to repair (Andrews 1989).

A great deal of effort has been made to develop optimal
media and conditions for the recovery of S. enterica and
other bacterial pathogens in foods (Ray 1979; Mackey 2000).
Several pre-enrichment broths including lactose broth (LB),
buffered peptone water (BPW) and universal pre-enrich-
ment broth (UPB) for isolation of S. enterica are currently
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available. Use of enrichment broths for improving the
resuscitation of injured bacteria caused by heat, freezing, or
irradiation has been investigated and documented (Andrews
1989). However, presently very little is known about the
resuscitation of acid-injured bacteria under different incu-
bation conditions in broth media, in fruit juices and on cut
surfaces of fresh produce.

A better understanding of resuscitation of acid-injured
S. enterica under different conditions could provide a
scientific basis for developing a more effective method for
isolation of pathogens and for assessing the safety risk
associated with injured S. enterica on fresh produce or in
fruit juices. The objectives of this study were to: (i) compare
the efficacy of four selected enrichment broths and storage
conditions for resuscitation of acid-injured S. enterica; and
(i) determine the ability of injured cells to resuscitate in
apple juice and on the surfaces of fresh-cut cucumber and

apple.

% of cells injured

bacteria grown on BHIA at 37°C for 18 h were harvested
using a sterile loop and suspended in PBS to make a
suspension with an absorption unit of 100 + 0-01at 600 nm
(equivalent to ¢. 10 X 10° CFU mI™!). The suspension
containing a single strain of serovar Mbandaka at the
concentration of ¢ 10 x 10° CFU ml™! or a mixture of
three serovars (Mbandaka, Chester and Newport) of
approximately equal numbers (0-3-04 x 10° CFU m]™
per serovar) was exposed to 2-4% AA for 7 min. Treated
samples were serially diluted and plated on BHIA and
XLT#4 to determine the injury rate. Injured bacteria were
enumerated based on their ability to form colonies on
nonselective BHIA but not on selective XL T4 medium. The
difference in bacterial counts as determined on BHIA and on
XLT4 was considered as the number of bacteria injured.
The percentage of bacteria injured was calculated based on
the formula:

_CFU ml~'of AA-treated sample as determined on BHIA — CFUml™'of AA-treated sample as determined on XL T4

CFU ml'of AA-treated sample as determined on BHIA

x 100%.

MATERIALS AND METHODS
Bacterial strains and culture media

Three produce-associated strains of S. enterica including
serovars Mbandaka, Chester and Newport were used in this
study. Salmonella enterica serovars Mbandaka (strain S7)
and Newport (strain S10) isolated previously from alfalfa
seeds and serovar Chester (strain S14) from cantaloupe were
obtained from our culture collection. Selective and nonse-
lective media including brain-heart infusion agar (BHIA),
Xylose-Lysine-Tergitol® 4 (XLT4) agar, LB, BPW, UPB
and tetrathionate (TT) broth were obtained from Difco/BD
Systems (Sparks, MD, USA). Phosphate-buffered saline
(PBS, 75 pmol, pH 7'1) containing KH,PO, (1544
pmol I7!), NaCl (1-55 mmol I"!) and Na,HPO, (2709
umol I'I) was obtained from the Invitrogen Corporation
(Carlsbad, CA, USA). Bacteria grown on BHIA at 37°C for
18-20 h were used throughout this study.

Preparation and enumeration of acid-injured
bacteria

The method used for preparation of acid-injured S. enterica
have been described previously (Liao et al 2003). Briefly,

Resuscitation of acid-injured Salmonella
in enrichment broth, apple juice and PBS

Injured cells of S. enterica serovar Mbandaka prepared as
described above were used to inoculate UPB, BPW, LB,
TT, PBS and apple juice to an initial density of
¢. 107 CFU ml™" as determined on BHIA (injured + unin-
jured) or 10° CFU ml™! as determined on XL.T4 (uninjured
only). The majority (99:99%) of the cells used for inocu-
lation were injured, which was consistent with the estimate
reported previously (Liao ez al. 2003). Apple juice (Mott’s
brand) was purchased from local grocers and the average pH
of the juice was determined to be 3:5 + 0-1. Inoculated
UPB, LB, TT, PBS and apple juice were incubated at 20°C
without shaking for 4, 8 and 24 h. Resuscitation of the
injured cells was indicated by a steady increase in the
bacterial count as determined on XLT4 or by a steady
decrease in the percentage of injured cells following
incubation. To determine the effect of incubation tempera-
ture on resuscitation, BPW was inoculated with AA-injured
S. enterica serovar Mbandaka and then incubated at 4, 20
and 35°C for 24 h. The samples were taken at 4, 8 and 24 h
after incubation and the change in the percentage of injured
cells in total population was determined.
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Resuscitation of acid-injured Salmonella on the
surfaces of fresh-cut cucumber and apple

The filter membrane method previously described for
resuscitation of Erwimia on the surfaces of fresh—cut
cucumber or apple (Liao and Shollenberger 2004) was
used for study of the effect of fruit type on resuscitation
of acid-injured Salmonella. Unwaxed apples (cv. Golden
Delicious) and cucumbers were purchased from the local
grocers. After surface-sanitization with 85% ethanol, fruits
were cut open with a sterile knife. The pH of fresh-cut
apple and cucumber were determined using a surface pH
electrode (Sensorex Inc., Garden Grove, CA, USA). A
sterile nitrocellulose membrane (045 ym, 25 mm in
diameter; Millipore Inc., Bedford, MA, USA) was placed
on the surfaces of fresh-cut cucumber or apple and
inoculated with 50 pl of acid-injured S. eatersca suspen-
sion containing a single serovar Mbandaka or a mixture of
three serovars (Mbandaka, Chester and Newport). After
incubation at 4 or 20°C for 4, 8 and 24 h, two membranes
at each time point were removed and each membrane was
immersed in 5 ml of PBS and vigorously shaken for 30 s.
Total population and the percentage of injured cells in the
suspension were determined by plating on BHIA and
XLT4.

Statistical analysis

The changes in the populations of injured cells were
analysed by performing analysis of variance to determine the
effect of incubation times. Differences in bacterial popula-
tions between incubation times were subjected to the
Bonferroni LSD mean separation procedure (Miller 1981)
at the significance level P = 0-05.

RESULTS

Resuscitation of acid-injured Salmonelia
in nonselective enrichment broths

The relative effectiveness of three nonselective broths {LB,
UPB and BPW) for resuscitation of AA-injured cells of
S. entersca serovar Mbandaka was investigated. The changes
in the percentage of injured S. emterica in the total
population were determined after incubation at 20°C for 4,
8 and 24 h. The proportion of S. enterica serovar Mbandaka
cells capable of forming colonies on XLT4 steadily increased
with the time of incubation in all three nonselective broth
media (Table 1). The percentage of injured cells capable of
forming colonies only en BHIA but not on XL T4 steadily
decreased from >90% to <30% after incubation for 8 h. In
addition, resuscitation appeared to occur at a significantly
faster rate (P > 0-05) in UPB than in LB or BPW (Table 1).
After incubation at 20°C for 4 h, 60% of injured cells that
were placed in UPB resuscitated when compared with 40—
42% of injured cells that were placed in LB or BPW
respectively. Similarly, after incubation at the same tem-
perature for 8 h, 84% of injured cells that were incubated in
UPB resuscitated when compared with 729 of injured cells
that were incubated in LB or BPW.

Resuscitation of acid-injured Salmonella in apple
juice, PBS, TT and BPW as affected by incubation
temperature

Resuscitation of AA-injured cells of S. enrerica serovar
Mbandaka in apple juice (pH 3-5 & ¢-1), PBS, and TT was
first examined after incubation of the inoculated samples at
20°C for 4, 8 and 24 h. No significant change in the
percentage (P > 0-05) of the injured cells in total population

Table 1 Resuscitation of acid-injured cells of Sabmonells enterica serovar Mbandaka in buffered peptone water (BPW), universal pre-enrichment

broth (UPB) and lactose broth (LB) at 20°C*

UPB (log CFU mi™")

BPW (log CFU ml™)

LB {log CFU mi™")

Incubation time (h) BHIA X1.T4 Y% injury BHIA XLT4 % injury BHIA X1.T4 % injury
0 63 L 04t 44202 99Aa 72103 M+02 9Aa 63 £ 01 4+31+02 9%As
4 73+ 02 71403 40Bb 711202 67+ 03 58Ba 6702 63 01 60Ba
8 79103 78 £ 62 16Ch 79t {1 77103 28Ca 78 %05 73203 28Ca

24 91+ 04 9203 <1Db 94+ 03 93 + 02 7Da 92 £ 03 91 + 02 <1Dh

*Injured bacteria were used to inoculate BPW, UPB, and LB 1o the initial densities shown {0-h incubation). % injury was determined based on the
formula described (see Materials and methods). BHIA, brain heart infusion agar; X1.T4, Xylose Lysine Tergitol® 4.
+The values represent the average data from three experiments with two replicates per experiment * SD. Within a row or a column as indicated by
upper or lower case letters, respectively, means (% injury} with no letter tn commeon arc significantly different (P > 0-05) by the Bonferron: LSD

separation technique.
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was observed after incubation in apple juice, PBS or TT
broth for 24 h (Table 2). This indicated that apple juice,
PBS and TT broth failed to support the resuscitation of
injured bacteria. To investigate the effect of incubation
temperature on resuscitation, BPW was inoculated with AA-
injured S. enterica serovar Mbandaka and then incubated at
4, 20 or 35°C for up to 24 h. When the samples were
incubated at 4°C, no changes in the total cell population and
in the percentage of injured cells were observed after
incubation for 24 h (Table 3). However, resuscitation of the
injured cells were observed with samples that were incuba-
ted at 20 or 35°C. The percentage of injured cells in the total
population declined rapidly from over 90% to ¢. 10% after
placing the samples at 20 or 35°C for 24 h. In addition, the
total population of S. enmterica serovar Mbandaka also
increased from ¢. 7 to 9 log CFU mlI™. No significant
difference (P > 0-05) in the recovery rate was observed with
the samples that were incubated at 20 or 35°C (Table 3).

Resuscitation of acid-injured Salmonella on the
surfaces of fresh-cut cucumber and apple

When filter membranes containing AA-injured S. enterica
serovar Mbandaka cells were incubated on the surfaces of

fresh-cut cucumber (pH 6-0 = 0-1) at 20°C for 24 h, total
viable cell counts (injured + uninjured) as determined on
BHIA steadily increased from 4-8 to 73 log CFU per
membrane. The number of the uninjured cell as indicated
by their ability to form colonies on XL T4 increased from 3-3
to 73 log CFU per membrane and the percentage of the
injured cells declined from 95% to 5% after 24 h of
incubation (Table 4). Similar results were obtained when
fresh-cut cucumber was inoculated with a mixture of three
serovars (Mbandaka, Chester and Newport) (data not
shown). However, when filter membranes containing AA-
injured S. enterica serovar Mbandaka cells were placed on
the surfaces of fresh-cut apple (pH 40 % 0-1), the total cell
counts on membranes as determined on BHIA decreased
from 51 to 43 log CFU per membrane and the number of
uninjured bacterial cells (based on their ability to form
colonies on XL.T4) decreased from 40 to 2-9 log CFU per
membrane (Table 4). Furthermore, the percentage of
injured bacterial cells on apple surfaces showed little change
(from 92% to 96%) during the 24-h incubation period. No
resuscitation was observed with the membranes that were
placed on fresh-cut cucumber and incubated at 4°C (data
not shown).

Table 2 Resuscitation of acid-injured cells of Sa/monella enterica serovar Mbandaka in apple juice, phosphate-buffered saline (PBS) and tetrathionate

selective enrichment broth (TT) at 20°C*

Juice PBS TT
Incubation XLT4 XLT4 XLT4
time (h) BHIA (log CFUmI™) % injury BHIA (log CFUmI™ % injury BHIA (log CFUml™') % injury
0 71£01t 58%03 95a 7301 59%02 96a 65202 41101 99a
4 68 £ 03 5802 91a 7302 50103 94a 6201 48103 96a
8 68 £ 04 58 £ 01 90a 7203 50%01 93a 61+03 43105 98a
24 6003 4802 93a 69101 5604 95a 63102 42102 99a

*See Table 1 footnotes for abbreviation of BHIA and XL.T4 and for calculation of % injury.
1The values represent the average data from three experiments with two replicates per experiment * SD. Within a column, means with no letter in
common are significantly different (P > 0-05) by the Bonferroni LSD separation technique.

Table 3 Resuscitation of acid-injured cells of Sa/monella enterica serovar Mbandaka in buffered peptone water (BPW) as affected by incubation
temperature®

4°C 20°C 35°C
Incubation XLT4 XLT4 XLT4
time (h) BHIA (log CFU ml™") % injury BHIA (log CFUmI™) % injury BHIA (log CFUm!™) % injury
0 69+ 02t 58+ 01 93a 69 £02 56+01 952 6903 5501 96a
4 6904 5703 93a 6903 65+02 60b 6902 64%03 72b
8 69+02 57%02 942 70+ 04 6903 30c 76504 T4E02 29¢
24 69+01 5803 91a 9003 9002 <1d 95+ 01 9503 <ld

*See Table 1 footnotes for abbreviation of BHIA and XLT4 and for calculation of % injury.
tSee Table 2 footnote t.
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Table 4 Resuscitation of acid-injured cclls of Selmenella enterica serovar Mbandaka on the surfaces of fresh-cut cucumber and apple at 20°C*

Cucumber Apple
XLT4 (log CFU XLT4 (log CFU
Incubation time (h) BHIA per membrane) % myjury BHIA per membrane) % injury
g 48 + 02t 3503 9%a 51103 40+ 01 93a
4 2101 49+ 04 50 49 + (2 37+03 943
8 ol 03 60 % 01 30c 41+ 04 33+ 04 92
24 3102 13102 5d 43+ {1 29+03 963

*Gee Table 1 footnotes for abbreviation of BHIA and XLT4 and for calculation of % injury.

#See Tables 1-3 footnote .

DISCUSSION

It has been previously demonstrated that application of UPB
increases the detection of S. esterica in apple and orange
juices (Hammack et 2l 2001, 2002) and increases the
detection of Escherichia coli O157:H7 in ground beef (Zhao
and Doyle 2001). Pre-¢nrichment in UPB is also useful for
simnitaneous detection of heat-injured Safmonelis and
Listeria in chicken and hot dogs (Bailey and Cox 1992).
Here, we report that acid-injured S. enterica cells resusci-
tated at a much faster rate in UPB than in LB or BPW.
Thus, UPB thus represents a preferred broth for enrich-
ment of injured or stressed Salmonella from fresh produce
and juice products as well. We have previously demonstra-
ted that two repeated enrichment steps in BPW can increase
the isolation of Salmonella from alfalfa sceds implicated in
previous disease outbreaks (Liso and Fett 2003). An
adequate enrichment of the sample in UPB or BPW is
therefore critical for isolation of the extremely low number
of Salmonella from fresh produce or sprouting seeds (Inami
et al. 2001). However, direct enrichment of the samples,
especially those possibly containing the stressed or injured
Sabmonella, in selective broth such as TT should be avoided.
In the present study, inoculation of AA-injured cells in TT
not only inhibited their resuscitation but also accelerated
their death as indicated by a gradual decline in the total
population of Saimonella following incubation. Wells and
Butterfield (1997) also showed that direct enrichment of the
samples in TT reduced the isolation of Salmenella from
soft-rotted produce. However, Beuchat and Scouten (2004)
found that direct enrichment of the samples in T'T did not
seem to affect the recovery of Salmonella from inoculated
cantaloupe.

The ability of injured cells of S. enterica serovar Bareily
(Biankenship 1981) and E. coli (Przybylski and Witter 1979}
to resuscitate in potassium or sodium phosphate buffered
solutions has been previously reported. However, we were
unable to confirm the resuscitation of AA-injured S. enterica

serovar Mbandaka in PBS (Table 2). As noted earlier by Ray

(1979), the recovery from bacterial injury may not require

the de nove synthesis of protein, DNA or RNA, but may
involve the synthesis of ATP, By placing injured bacteria in
PBS rather than in rich broth, the cells may not be able to
generate the energy force {ATP) required for the repair
process. It is also possible that the ability or inability of
injured bacteria to resuscitate in buffered solutions may be
dependent on the extent of injury and incubation conditions
(Mackey 2000). In this study, we demonstrated that the
repairing of injury is critically affected by the incubation
temperature. Acid-injured cells of S. enterica serovar
Mbandaka were able to resuscitate at 20 or 35°C, but not
at 4°C, Storage of fresh and fresh-cut produce zt refriger-
ation temperature represents a simple and convenient
practice for preventing the proliferation of injured and
uninjured pathogens.

Incubation of injured Sslmenella in apple juice or on
fresh-cut apple inhibited resuscitation and accelerated the
death of injured bacteria as indicated by a marked decline
in the total population of Salmonella. This finding is in
agreement with a previous report by Parish of ol (1997),
who showed that Salmonells cells survived in apple or
orange juice for only one to several weeks. While no
resuscitation of acid-injured Salmonells on the acidic
surfaces of fresh-cut apple {pH 40 1 0-1) was detected,
resuscitation of acid-injured Salmonella on the surfaces of
fresh-cut cucumber which have a neutral pH (6:0 £ 0-1)
was observed, This is the first demonstration of resusci-
tation of injured bacterial pathogens on fresh-cut produce.
These results suggest that the safety risk associated with
injured pathogens an fresh produce cannot be ignored and
a pre-enrichment treatment in UPB may improve the
isolation of injured Safmonefls from contaminated fresh
produce. : -
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